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ABSTRACT
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s i m
High chromium f e r r it l o  stainler.s  s t e e l s  are very resistant  to 
stress-corroslon cracking and aljo  have good general oorrosion and 
pitting resistance properties. jowever, they have few applications 
as materials of construction because they are extremely prone to 
embrittlement.
The ob jective  of  the current project  was to d e v e lo p  a tough Fe- 
40Cr s t a in l e s s  s t e e l .  The experimental programme in o lved  an 
investigation into the effects of irterstitial  elements (carbon, 
nitrogen and oxygen) and rare earth metals on toughness. Sever&l 
experimental a l l o y s  were prepared. The i n t e r s t i t i a l  contents 
ringed i rom 380 to MOppm and the rare earth metal additions from
0. >5 to 0 .9  weight S. The toughness of the a l l o y s  was assessed 
ueing Charpy impact and slow bend tests. Techniques with which the 
microstructures were examined and analysed  Included  scanning 
electron microscopy, transmission e lectron  microscopy and image 
analysis.
It was shown that tough Fe-40Cr a l l o y s  can be produced when 
suitable heat treatment and processing conditions  are employed. 
Embrittlement was found to be associated  with grain  boundary 
p recip itat ion ,  the extent of which was relateu  to i n t e r s t i t i a l  
onntent and fab r ica t io n  v a r ia b le s .  F i n a l l y ,  rare earth metals  
proved useful In the development of isotropic toughness properties 
and the maintenance of  toughness ai. temperatures in excess of 
1000°C.
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I NTRODUCTION
Ferritic stainless steels wore developed in Europe over years
ago1. They are iron-baaed alloys containing at least 11% chromium.
The upper l imit  of the chromium content is arbitrary ,  although
commercial 1 v-produced alloys contain a maximum of 35% chromium at
2present .
Although ferritic stainless steels, especially those with higher 
chromium cot tents, have e x c e l l e n t  corrosion resistance  ir. many 
environments and are not s u s c e p t ib le  to stress corrosion, their 
use has been extremely limited  in comparison to austenit io  
s ta in le s s  s t e e l s  duo to their  marked tendenoy to embrittlement. 
Loss of ductility can be attributed to a number of causes such as 
the presence of interstitial elements such as carhon and nitrogen. 
For example, a 25% chromium steel  w i l l  be b r i t t l e  at room 
temperature if  the carton content exceeds 0,C3%3. Another factor 
is the absence of  a ph.'ae change wiich makes it d l f f i o u l t  to 
refine  the ferr ite  gra n s i z e .  The grain  s ize  can become very 
coarse after  h' A temperature heat treatments and welding .  In 
addition  s o l id  r \ '.e reactions  which are inherent in the Fe-Cr 
system, csn prcu*  ^ : brittle intermeta1 1 ic phases.
Despite these limitfcnions, metallurgical interest i** these alloys 
continues because uf  their  e x c e l l e n t  resistance  to stress  
corrosion tracking and oxidat ion ,  and the high oost of niokel 
needed to s t a b i l i s e  the au.~*-enlt« in austenltio  s t a i n l e s s ,  
steel  s 1 ’ 2 ’ 5. I n te n a iv e  resoarch over the past two decades and 
recent advances in nommerclel stee 1 -refining praotlce has shown 
that tough, ductile ferritio stainless steels containing up to 35% 
chromium can be produced when interstitial oontents are reduced to 
/ery  low l e v e l s .  Tough chromium a l l o y s  oan a ls o  be obtained by 
alloying w iU  msll amounts (up to 0,7%) of rare earth metals (La, 
Ce etc.) and oorlain elements suoh an Ta whioh are strong oarbide- 
formers.
These developments have resulted  in the production of fe r r it io
a l l o y  compositions which are f a b r i c a b l e  and w e ld a b le  - the so 
called 'super ferr.Vtic* s ta in le s s  s t e e l s .  Although these s te e ls  
are tougher than th*»ir predecessors ,  they remain su s c e p t ib le  to 
catastrophic f a i l u r e .  Consequently ,  the mechanisms of b r i t t l e  
fracture in ferritie stainless steels rem^.ir an important art . of 
research.
The purpose of the current project was to investigate specifically  
the influence of interstitial concentration and rare earth metal 
(REM) additions  o .1 the structure  and properties  of an Fe-40Cr 
alloy. The lite-j' e survey therefore concentrated on prior work 
directly relat the study in tho a-'«as of ferritie stainless
ste e ls ,  the jn. l u c t i i i z i a g  e f fe c t  a->d the be ne f its  of  REM
additions.  The experimental work included  Charpy, slow bend and 
te ns i le  tests.  Varicvs  techniques,  such as opt ical  and scanning 
electron microscopy, and image a n a ly s is  were a ls o  used in the 
investigation.
The l i te r atu r e  survey is d iv id e d  into three parts.  Each part 
h igh l ig h ts  a p a r t ic u la r  aspect important to the development of 
v iab le  high chromium a l l o y s .  Tart one. the aost e xten s ive ,  
focusses on the problems relatod to interstitial impurities, part 
two explores the relationship between phase relations, composition 
and properties in binary a l l o y s  and part three descr ibes  the 
in fluence  of rare earth elements on the proporties  of s t e e l s  in 
general.
THE PHYSICAL METALLURGY OP PERRITIC STAINLESS STEELS 
Structure and composition
In theory the structure of f e r r i t i c  s t a i n l e s s  s t e e l s  is simple . 
The addition  of chromium to iron r e s t r ic t s  the formation of the 
face-centred cubio (FCC) austenite phase while the ferritic body- 
oentred cubio (BCC) phase is stabilised.  This results In a closed 
austenite (y) loop in the iron-ohromium system as shown in Figure 
2 . 1 .
At all  temperatures binary iron chromium alloys which contain more 
than 13% chromium aru thus essentially  ferritic and oonslst of a 
chromium-iron alpha (a) solid solution.
Two other phases viz. sigma (a) and alpha-prime (o') are Integra* 
to the Fe-Cr system. Sigmu is a tetragonal intermeta1 1 ic phase 
with an approximate composition of FeCr2. As snown in Figure 2.1, 
it ocours in alloys containing between 15 and 70% ohromium which 
have been exposed to temperatures from about 500 to 8 0 0 °C  Alpha- 
prime (a*) forms when a ferrltlo iron-ohromium stainless steel is 
heated at temperatures between 400 and 540 •  C. In this temperature 
range tho ferrite solid solution separates into iron-rich (a) and 
ohromlum-rinh (a*) fraotions. This phenomenon is often referred to 
as 4 7 5 *C embrittlement. The embrittlement associated with the a 
and a' phases is discussed later (in Seotion 2.1.4).
- 4 -
Figure 2 .1  The Fe-Cr system*
2 .1 . 1 . 1  The erreot o*  carbon and nitrogen
Commercial ferrltio stainleaa steela always contain small amounts 
of carbon and nitrogen and cannot be atriotly described as binary 
Fe-Cr a l l o / a .  Moat often ,  carbon is a residual  element which ia 
not completely roaoved from the rtw m aterials  during refining*  
while  nitrogen is introduced into the a l l o y  by contact with ftir 
during mal»in*2.
Both oarbor and nitrogen are potent austenite-atabliiaing elementa 
and puah the outside  boundary of the (y + a) two phase f i e l d  to 
higher ohrcmlun levels.  Baerleken, Fisher and Lorenz6 hav? studied 
the effeotn of carbon and nitrogen on the location of tht y-loop 
in the iroii-ohromlum phase diagram. They noted that aa the carbon 
and nitrogen oontent increased,  the two-phase region not only 
shifted to higher chromium levels  but the maximum extension of the
__ .. 41 -
(y + a) phase f i e l d  a l s o  sh i fte d  to higher temperatures. Some of  
the results of their work are shown in Figure 2.2.
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Figure 2.2 S h i ft in g  of  the boundary l i n e  (y + a ) / a  in the system 
iron-chromium through increasing carbon and nitrogen contents**.
It is clear from this figure that even alloys containing more than 
25% Cr, w i l l  undergo a phase transformation i f  su f f ic ie n t  
quantities  of carbon and nitrogen are present. Thus welded,  and 
some annealed, ferritio stainless  s t e e l s  can contain  austentite  
and untempered martensite .  The e f f e c t s  of  these phases on 
properties are discussed in Section 2 .1 .5 .2 .
In addition to extending the region of auitenite stability,  carbon 
and nitrogen a ls o  form p recip itates  during cooling  since their  
s o l i d  s o l u b i l i t y  in  the m atr ix  decreases  with decreasing  
temperature. The solubility  of carbon and nitrogen in an Fe-26%Cr 
alloy as a function of temperature is shown in Figure 2.3.
In chromium-containing alloys,  carbon generally forms the complex 
carbides (Cr,Fe)7C3 and (Cr.Fe)23C6 which precipitate on the grain 
b o u n d a r i e s 2 ' * ,  w h i l e  n i t r o g e n  g e n e r a l l y  p r e c i p i t a t e s  as 
intragranu 1 ar ( C ^ F e ^ N  p r e c i p i t a t e s 2 . This carbide and nitr ide  
precipitation can result in severe embrittlement of Fe-Cr alloys, 
(see Section 2 .1 .5 ) .
1100 1000 900 600 700 600 
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Pigure 2 .i  Solubility  of C and N in the Fe-26% Cr2, 
Toughness of  f e r r i t i c  s ta in le s s  s te e ls
All BCC metals and alloys show a ductile-to-brittle-transitlon- 
temperature (DBTT). At low temperatures, the fracture mechanism is 
brittle cleavage while at higher temperatures fracture occurs by 
d u c t i l e  tearing.  In f e r r i t ic  s t a i n l e s s  s t e e l s ,  the p r in c ip l e  
l im itation  is a r e l a t i v e l y  high DBTT. Thus their low toughness, 
even at ambient temperatures, can lead to catastrophic failure of 
engineering structures.
The DBTT is affected  by a number of  factors ,  such as the thermal 
history of the a l l o y ,  a l l o y i n g  elements ,  grain  s i z e ,  secondary* 
phases,  segregation ,  s tra in  rate and the p r e v a i l i n g  stress 
system1,2,7 . Before discussing these, attention is focussed on the 
BCC behavior of the alloys and theories of brittle fracture.
.1 BCC behavior of Pe-Cr alloys
Much of th». problem with the toughness of f e r r it io  s t a in le s s
O
steels is related to <e fact that the crystal structure is BC'' 
and although there are many v a r ia b le s  associated rfith the
transition from a non-brittle to brittle  state, the most important 
is temperature. In these steels, as in a l l  BCC metals and alloys,  
the mobility of dislocations is highly temperature sensitive and a 
decrease in temperature serves to reduce slip  f l e x i b i l i t y 9. Thus 
fe r r it ie  s t a in l e s s  s t e a ls  are d u o t i l e  immediately below their  
melting point but tend to become first semi-brittle and ultimately 
highly  b r i t t l e  at lower temperatures. In contrast the tendency 
towards brittleness is never realised in FCC metals and alloys at 
reasonable temperatures (Figure 2.4).
Temperoiure ---*-
Figure 2.4 Effect of temperature on notch toughness (schematic)10.
The relationship between toughness and temperature in BCC metals 
c an be explained  in terms of C o t t r e l l ' s  nu del of  s l i p  by* 
d i s lo c a t i o n  motion9. This considers  that piartio deformation is 
th» transition ox’ material from an unslipped to a slipped state,
i.e. plastic deformation involves slip .  In a perfect lattice all  
the atoms above and below a s l i p  plane  are in a minimum energy 
position .  In order for p la s t io  deformation to occur, an atom has 
to be shifted from its  i n i t i a l  low energy position to a new one. 
The process is opposed by an energy barrier, E, which corresponds 
to the atom in the high energy transitional state (Figure 2.5a).
All  atoms in a slip  plane do not move simultaneously. To minimise 
the energy of the process the slipped region grows at the expense 
of the unslippod region by the advance of  an i n t e r f a c i a l  area 
iFigure 2.5b).
•'!
Slipped ttqiQh Onjiipped reqionintense  «»
-----  f«q<on
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Figure 2.3 (a) Energy change from unslipped to slipped state:
(b) stages in growth of the slipped region10.
The interfacial area is a dislocation. To minimise the energy for 
the transition, the interface thickness, w, should be as narrow as 
poss ible .  The dimension,  w, in Figure 2.5b is the width of the 
dislocation, and is related to the elastic energy of the orystal.> 
When the elastic energy of the crystal is low the dislocation is 
wide and the atomic spacing in the slip  direction is closer to its 
equilibrium spacing. The opposing energy changes, elastic energy 
and transit ion  energy, determine the e q u i l ib r iu m  width of the 
dislocation.
The d is lo c a t io n  width Is Important because it determines the 
magnitude of the force required to move a dislocation through the 
crystal lattice. This force is called the Peierls-Nabarro force, 
while  the P e i e r 1 s-Nabarro (P-N) stress  is the shear stress
required to move a d i s l o c a t i o n  through a crystal  l a t t ic e  in a 
particular direction.
The Poierls-Nabarro stress, is given by:
^-2nw/b *  / _ 2 fl_y-[2 na/(l-,)b]
.2.1
where a “  distance between the s l ip  planes,
b - distance between atoms in the s l ip  direction, 
v ■ Poisson's ratio ,
G * shear modulus.
It  should be noted that the d i s l o c a t i o n  width appears in the 
exponential term in Equation 2.1 indicating that the P-N stress is 
very sensitive to atomic i.Jsitions at the core of the dislocation. 
Although these are not Itnown r.o a high degree of accuracy, the P-N 
equation has important conceptual value. It shows that materials 
with wide dislocations require a low stress to move dislocations 
and more importantly in this case,  i f  a < b, i .e .  i f  the s l i p  
planes are c losely  spaced but l o o s ely  packed, the P-N stress is 
high. The s l i p  planes  in BCC metals approach this  s it u at io n ,  
whereas in FCC structures there are many close-packed slip  systems 
available.  BCC metals are thus brittle  at low temperatures becaus' 
thermal energy is no longer available  to help them to overcome the 
higher barrier  which is associated  with their  structure.  The 
d i s l o c a t i o n s  in these  m a t e r i a l s  are then e f f e c t i v e l y  
immobilised9 , 1 0 , 1 1 . *■
Although the occurrence of tne Durr in ferritie stainless steels 
can be explained  in terms of  crystal  structure ,  the reasons for 
the ductile- to- brittle- transit ion  in temperature ranges of 
ngineering interest are essentially related to the sensitivity of 
this  structure to even the sm a lle s t  l e v e l s  of i n t e r s t i t i a l  
impurities. This is illustrated by the fact that zone-refined BCC 
polycrystals can be ductile at temperatures as low as -269°C®.
12
Loomis and Carlson  suggested that i n t e r s t i t i a l s  in s o l id  
solution are progressively embrittling and in the group £Ja metals 
they can be ranked in order of importance as hydrogen, oxygen, 
nitrogen and carbon. These atoms distort the lattice strongly but 
are very m o b i l e  in f e r r i t e .  H o w e v e r ,  at  r e l a t i v e l y  low 
te m p era ture s  they  are  a t t r a c t e d  to both  edge  and screw  
dislocations where they can fit with less elastic  strain.
The binding energy of  a so lute  atom and a d i s l o c a t i o n  is about 
0.5eV and because the distorted lattice Is tetragonal and contains 
a large oomponent of shear s tr a in ,  the s o lu t e  atoms interact  
strongly with edge dislocations through lattice expansion, as well 
as vith screw dislocations through their shear stress fisld. Thus 
the conditions  for the segregation  of a l l  so lute  atoms to 
d is lo c a t io n s  is e x c e p t i o n a l l y  fav o u r ab le  in BCC iron. The 
dislocations are immobilised by the strong pinning effect of the 
atoms segregated to them and the density of dislocations availJbie  
for glide is reduced to virtually  zero unless stresses are applied 
which are sufficiently high to release the pinned dislocations or 
to create new ones from points of stress concentration11. Under 
these conditions the appi<eJ stresses may well  result in brittle 
fracture rather than p l a s t ic  deformation.  In this  way b r i t t l e  
fracture at ambient and higher temperatures is possible.
Because the s o l u b i l i t y  l e v e l s  of  i n t e r s t i t i a l s  in ferriti< 
stainless steels is so low, and the presence of carbon, nitrogen 
and oxygen beyond their solubility  limits also increases the DBTT,* 
it is rarely possible to separate solute effects from tha effects 
o f  carbide ,  n. tride  and oxide p reo ip itation .  These preoipltates  
may:
(i)  Inhibit slip  propagation across the grain boundaries,
( 11) crack and lead to crack propagation in the adjacent matrix: 
and/or
( i l l )  Inhibit dislocation motion within the grains8.
These effects of the interstitial  solutes "re d^soussed in Seotion
2 .1 .3  Theory of  b r it t l o  fracture
The toughness of ferritic stainless steels is generally assessed 
in terms of a D B ’’T. This  temperature is not constant and an 
understanding of factors  a f fe c t in g  it and the theory of b r i t t l e  
behaviour is essential if  the effects of metallurgical »ariables 
on the f r a c t u r e  p r o c e s s  are  to be understood.  U lt im ate ly  
appropriate manipulations of these variables should result in the 
development of steels with adequate toughness.
A number of theories  have been formulated to e x p la in  the 
mechanisms of the riucle&tion of brittle  fracture on the basis of 
dislocation movement. Two of them, due to Stroh13 and Cottrell7' 1* 
are examined here.
2 . 1 . 3 . 1  D islocation  theories  of  b r ' t t l e  fracture  i n i t i a t i o n
a d is lo c a t io n  pile-up can produce fracture .  The shear stress
acting on the s l i p  plane  squeezes the d is l o c a t i o n s  together.  At 
some critical value of stress the dislocations at the head of the 
pile-up are forced so c lose  together that they coalesce  into a 
wedge crack or c av ity  d is l o c a t i o n  of height ,  nb and length .  2 c 
(Figure 2 . 6 ) .
1 3Stroh analysed this s ituat ion  and showed that,  provided the 
stress concentration at the head of the pile-up Is not relieved by*
Zener15 first advanced the idea that high stresses at the head of
plastic deformation, the tensile stress at the pile-up is given 
by:
2 . 2
vhere t - average resolved applied shear stress,
L ■ length of the blocked slip band, and 
r - distance from the tip of the pile-up to the point 
where the crack is forming.
Figure 2.6 Mode* of  miorocrack formation at a pile-up of edge 
dislocations10 .
This can be equated to the theoret ical  cohesive  s t r e s s 8 , o__uISa
where
Thus, the condition for microcrack nucleation is:
“  ft ,2.4
where tq ■ resistance of the lattioe to dislocation movement, 
aQ - equilibrium spacing between planes of atoms,
E - Youngs modulus, and 
Ya ■ speoifio surface energy of the implied crack.
The applied stress required to initiate oleavage is:
1/2
,2 .5
- 13 -
I f  r ■ a and E » 2Q, then Equation 2.5 can be expressed as:
t  "  To ♦
1/2
. 2 . 6
This equation can be modified to express the ro3e of dislocations 
In brittle fracture more explicitly .
Frank, Eshelby and N a b a r r o 16 s t u d i e d  the d i s t r i b u t i o n  o 
d is lo ca t io n s  in a pile-up and formulated the theory that the 
number of dislocations that car occupy a distance, L, along a slip  
plrne between the dislocation source and an obstacle is given by:
n .  JulsL
Gb .2 .7
where k - a factor close to unity (for an edge dislocation, k - 
(1 -v ), where v » Poisson 's  rat io ,  whiJ e for a screw 
dislocation, k ■ 1, and 
r unit Burger's vector
This theory was experimentally oonflrmod by Meakln and Wilsdorf17.
It has also been shown5 ** that the number of dislocations in a slip 
band can be expressed as:
and, when L is eliminated from equation 2.5 and 2.8, the following 
expression is obtained:
( t  -  t n )n b  «  2y.
This equation has the direct  physical  s ig n i f ic a n c e  that a oraok 
will  form when tho work done by the applied stress in produolng a 
displacement,  nb, equals  the work done in moving d is lo c a t io n s  
against the fr lotion  stress  plus  the work done in producing new
surfaces.  The equation for microcrack nucleation  was f i r s t  
proposed by Cottreli  In this form10*11.
Smith and Barnby10 have shown that the stress required to nuoleate 
a mioroorack is signifioantly lower than that predicted and have 
modified Stroh's equations to allow for a non-uniform stress field 
and dislocations of both signs in the existing pile-up.
19Further work by Potoh* accounted for the moat d if f icu lt  step of 
crack propogation, i.e. propogation through a strong barrier such 
as a 0 rain boundary. It  was found that the dependence of b r i t t l e  
fraoture in iron and steel on grain size oould be expressed a&.
oy - oQ + ky d" 1/2 ............... 2 .10
where oy - flow or frroture stress or both, 
aQ - lattice friction stress, 
ky * Hall-Petch slope, and 
d - grain size (diameter).
Cottrell thon reformulated Equation 2.9 in terms of normal stress 
so that the important variables lr. brittle  fracture suoh as grain 
size nan he easily shown:
onb «  4 y a ...........2.11
Substituting Equation 2.9 into equation 2. 11, we have
o(t - t0 )d - 8nys ............... 2.12
where I. ■ d /2 (i.e. the dislocation source is at the centre of 
the grain) ind 
M ■ shear modulus.
But experience has shown that, raloronracks form when the shear 
stresii equals the yield stress and that the observed stresses for 
yield and fraoture are more likely  to oorre3pond at larger grain
s ize *  and at low temperature. Aosuming that x - a/2  ( i .e .  shear
gtres„ is at maximum), Equation 2.4 can be written as:
t ■ T
2 2.13
And finally  equations 2.12 and 2.10 can now be restated as:
Although equation 2.14 does not encompass “ 11 the practical models 
of crack initiation, (e.g. nuoleation of cleavage cracks at twins 
or at thi boundaries between second phase particles and the matrix 
of a steel) it nevertheless provides a useful basis for discussing 
the mloro-mechanics of brittle fracture. The equation essentially  
descrioes the oondltlon for a brlttle-to-ductlle transition. When 
the left  hand sloe of the equation is sm a lle r  than the r ight ,  a 
microcrack can i*orm, but cannot grow. Alternatively,  i f  the left 
hand aide of the equation is greater than the right a propagating 
brittle fracture is produced at a shear stress equal to the yield 
stress.
Process and oompoaitional variables can directly affeot a l l  the 
factors in this equation8 ,9 ' 10' 11*20 ,21 ,12 . For example:
ky is related to the number of dislocations that are released into 
a pile-up when a source is unlocked and is affected by solute 
distribution and grain boundary preoipltation, 
d, the grain  s ize ,  is rather related  to the s l i p  band length,  
s ince in a l l o y s  containing  fine  preoip itates  the p a rt io le  
spaaing rather than the actual grain  s ize  w i l l  determine the 
slip  distance,
y is affeoted by the preaenoe of flaws  in the miorostruoture 
(e.g. needle-like precipitates lower y).
aykyd1/2 - ky2 + c0kyd 1/2 > Cya 2.J4
where C ■ a constant related to the stress state and average 
ratio of normal to sihear streaa on the slip  plane.
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